The effect of hematocrit on pressure-flow relations was studied in the perfused isolated hindpaw of the dog. Blood and suspensions of erythrocytes (RBC) in albumin-Ringer solution, hematocrit range of 0 to 80%, were used as perfusates. Flow resistance was found to increase markedly with hematocrit. No significant difference was found between pressure-flow data obtained with blood and RBC in albumin-Ringer solution when comparisons were made at comparable hematocrits, indicating negligible effect of RBC aggregation when blood was the perfusion fluid. Computations of flow resistance relative to cellfree perfusate indicated that non-Newtonian viscosity, as well as vessel distensibility, contributed to the nonlinearity of pressure-flow curves. Perfusion of paws with two Newtonian fluids of different viscosities allowed computation of inertial pressure losses under conditions of steady flow. At physiological perfusion pressures, inertial losses accounted for about 40% of the total pressure drop for cell-free albumin-Ringer solution, and dropped to about 5% for a hematocrit of 50. The results suggest that inertial losses, rather than a Fahraeus-Lindqvist effect, play an important role in pressure-flow relations in the hindpaw. 1047 1048 BENIS, USAMI, CHIEN pressure-flow relations. The results do not support the existence of a Fahraeus-Lindqvist effect in the perfused hindpaw. Methods PERFUSIONS WITH RBC SUSPENSIONS AT DIFFERENT HEMATOCRITS Colled.d Blood Weight FIGURE 1 (A) Schematic drawing of perfusion circuit. Cannulated paw on balance is perfused by dog's natural blood (connections to femoral artery and vein) or by syringe pump. Inset shows cannula manifolds. (B) Variables displayed on multichannel recorder include venous pressure (P T ), arterial pressure (P 8 ), paw weight (W p ) and weight of collected fluid (W q ).
ADDITIONAL KEY WORDS blood viscosity blood rheology vascular resistance erythrocyte aggregation isolated organ vascular distensibility non-Newtonian flow Fahraeus-Lindqvist effect • The fact that blood is a complex fluid rheologically has been recognized since the time of Poiseuille. Many studies have since shown that blood behaves in vitro as a non-Newtonian fluid, its viscosity varying with flow rate or rate of shear. Recent work has confirmed that hematocrit is the key variable that determines blood viscosity in vitro (1, 2) , but few data exist in the literature with regard to the effects of hematocrit variations on pressure-flow relations in living systems. Moreover, it has not been generally recognized that nonlinear inertial losses can amount to a significant fraction of overall pressure difference, even under conditions of steady nonturbulent flow (3) (4) (5) . In our study, an isolated canine hindpaw preparation was used to obtain pressure-flow relations and values of flow resistance under conditions of steady flow. The hindpaw was chosen because of the ease of its isolation with a minimum of trauma. The purpose of the study was: (1) to investigate the effects of hematocrit and erythrocyte aggregation; and (2) to assess the relative importance of viscous and inertial pressure losses. It was found that hematocrit influences both the magnitude of the flow resistance and the shapes of pressure-flow curves. Inertial losses were also found to play an important role in Experiments were conducted using 17 mongrel dogs of either sex weighing from 4.0 to 24.6 kg. The procedure was as follows:
(1) The dog was anesthetized with an intravenous injection of sodium pentobarbital at a dose of 30 mg/kg and the left hindpaw isolated at the ankle joint with an electrocautery. Cannulation of paw vessels was made with short sections of polyethylene tubing (PE-50 to 205), which were immediately connected to catheters placed in the femoral artery or vein, thus maintaining flow to the paw during the surgical procedure. In the early experiments only one artery and one vein of the paw were cannulated, but in later ones two arteries and three veins were usually cannulated. Perfusion stability was improved in the latter cases. Collateral paw vessels were ligated at the point of excision.
(2) During the operation, 200 to 300 ml of blood was collected from a compatible donor dog. Following centrifugal separation (1500 g for 10 minutes), the erythrocytes (RBC) were washed with and suspended in isotonic 5% albumin-Ringer solution to give hematocrit values of 20, 50 and 80 percent. The albumin-Ringer solution contained 25 mEq/liter of HCO3 and had been equilibrated with a mixture .of 5% CO 2 -20% Cv Thus, values of pH, Po 2 and Pco 2 of the RBC suspensions, measured with Instrumentation Laboratory Inc. electrode apparatus (Model 123), were within normal physiological ranges. Samples of each prepared suspension were taken for viscosity measurement with a modified null balance coaxial cylinder viscometer (1, 6) at 37 ±0.1°C. In four separate in vitro experiments, viscosity was measured at high shear rates with a capillary viscometer, consisting of the perfusion circuit, syringe pump, and either PE-50 or PE-100 capillary: tubing (514 and 841/ J L diameter).
(3) The cannulated paw was disconnected from the femoral catheters, weighed, placed in a constant temperature enclosure (36 ± 1°C) and then reconnected to the femoral catheters with the perfusion circuit ( Fig. 1) . Flow was arrested for only 2 to 3 minutes during this transfer. The isolated paw, which was kept at the same level as the intact one, was suspended from a force transducer for the recording of weight change on a multichannel recorder (Grass Instrument Co.). (4) Measurements of the natural flow through the paw were made successively by clamping the return to the femoral vein and collecting about 5 ml of blood in a receptacle suspended from a second transducer balance. The outlet level was adjusted so that the venous pressure of the paw remained unchanged after clamping. Thus, the slightly different outflow resistance during the open-circuit flow had essentially no effect on arterial and venous pressure, hence on natural blood flow rate. The rate of weight gain in the receptacle was recorded ( Fig. 1 ) and converted to flow rate with the use of an average value for blood density. Reproducibility of successive natural flow rate measurements was within +5SS.
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(5) When the natural flow became stable, a sample of the dog's natural blood was perfused through the paw with a syringe pump (Harvard Apparatus Co.), and a pressure-flow curve was obtained. In some experiments, pressure-flow points at reduced pressures were obtained by partially clamping the inflow tubing from the femoral artery.
(6) The samples of RBC in albumin-Ringer solution were perfused through the paw' at random with the syringe pump after clamping both the femoral arterial and venous lines. A complete pressure-flow curve could be obtained at a series of steady flows in about 2 minutes. A pressurized reservoir was used in place, of the syringe pump to extend curves to higher flows when cell-free albumin-Ringer solution was the perfusion fluid. (7) After the perfusions, the paw was removed from the circuit and reweighed. In three cases the paw was dissected and the bone and Other tissue weighed separately. Elapsed time from the beginning of the surgical procedure to the end of the last perfusion was 4 to 6 hours.
Arterial and venous pressures of the paw were measured with two transducers (Statham Model P23AC) connected to plastic T-junctions introduced immediately proximate to manifold cannulae adapters. Venous pressure was measured with the mean heart level taken as zero reference. When the syringe pump was in use and when the natural flow rate was being measured, the venous outlet level was adjusted so that the venous pressure under these conditions was the same as that during closed-circuit autoperfusion. A threeway stopcock allowed one of the transducers to display alternately arterial and venous pressures on the same channel, thus giving arteriovenous pressure difference directly. Values of Pa and F v were read to a precision of better than ±2%.
Heparin was administered to the dog at a dose of 500 U.S.P. units/kg just before cannulation and thereafter every half hour at a dose of 150 Circulation Reiearcb, Vol. XXVll, December 1970 units/kg. An isotonic solution of 2.5% acetylsalicylic acid was administered at a dose of 40 mg/kg to suppress platelet aggregation (7) . Sodium pentobarbital was administered in minimal doses during the experiment. The dog's natural hematocrit was measured every half hour by the microhematocrit technique (8) . Hematocrits were measured in duplicate and are uncorrected; the trappmg factor averages 0.97 for canine blood as measured in this laboratory (8) .
PERFUSIONS WITH CELL-FREE PLASMA EXPANDERS OF DIFFERENT VISCOSITIES
Experiments were conducted with seven mongrel dogs weighing from 8.4 to 12.5 kg. The experimental procedure was the same as above except that cell-free isotonic perfusates were used:
(1) 5% albumin-Ringer solution, prepared from a 25% albumin solution (Cutter Laboratories).
(2) 10% high molecular weight dextran-Ringer solution prepared from powdered dextran (Pharmachem Corp., M W = 184,000).
(3) 10% low molecular weight dextran infusion solution (Abbott Labs., and Pharmacia Labs., MW = 40,000).
(4) 4% PAMEG (9), a polypeptide plasma expander prepared from glutamic acid (Harvard Medical School and U. S. Army Medical Research and Development Command).
PERFUSIONS WITH SILICONE FLUID
At the end of four experiments, the paw was removed from the circuit, perfused with a white silicone fluid (Canton Bio-medical Products) (10) by a syringe and then frozen at -20°C. Sections from different locations of the paw were taken for examination by reflected light microscopy.
Analysis of Data
PERFUSIONS WITH RBC SUSPENSIONS
The arteriovenous pressure drop (AP = P n -P v ) was measured by varying the steady perfusion flow rate (Q) in discrete steps (see Appendix A for nomenclature). The natural blood flow (autoperfusion rate) was not always perfectly stable during the course of an experiment, apparently due to small changes in vascular geometry. To correct for this change in vascular resistance with time, each pump perfusion AP-Q curve was bracketed by two measurements of natural autoperfusion. The AP values for the pump perfusion were adjusted by a factor, seldom greater than 10%, based on the deviation of the autoperfusion rate from its initial value. Values of flow resistance were then calculated from the defining equation:
Thus, values of resistance for blood and for suspensions of RBC in albumin-Ringer solution were compared under conditions of steady flow. The autoperfusion measurements under conditions of pulsatile pressure served primarily as a check on the stability of the paw.
To normalize pressure-flow curves obtained with different paws, all flow rates for a given experiment were divided by a value, Q' o , equal to the perfusion rate of cell-free albumin-Ringer solution at a AP of 30 mm Hg. This basis was chosen because albumin-Ringer solution was found to be an excellent standard fluid, repeated AP-Q curves usually being reproducible within a few percent. A value of 30 mm Hg was chosen for the standard pressure difference, as this was near the midpoint of the AP range. Thus, the normalized flow rate and the resistance based on the normalized flow rate are defined by:
(2) (3)
Pressure-flow and resistance data were plotted on logarithmic co-ordinates because these parameters were varied over wide ranges and because the variance of the logarithm of AP (or percent error) was found to be nearly constant over the entire range of 0-Thus, the data could be treated as a Type I regression problem (11) with the flow rate being the controlled variable.
PERFUSIONS WITH CELL-FREE PLASMA EXPANDERS: CALCULATION OF INERTIAL PRESSURE LOSSES
The total pressure drop for Newtonian flow through the distensible vascular network is assumed to be sum of pressure drops due to viscous and inertial losses:
A and B are functions of the vascular geometry, which is to a first approximation a func-tion of transmural pressure. For experiments conducted at constant venous pressure, as in this study, the average transmural pressure is in turn dependent primarily on arterial pressure or on AP. Thus, A and B are taken to be functions only of AP. In the general case the inertial parameter B will depend on fluid density; here we consider only the case of perfusion fluids of equal density. If pressure-flow curves are obtained for the perfusion of two Newtonian fluids, denoted 1 and 2, of different viscosities, and the flow rates compared at equal AP, then equation 4 gives for the ratio of inertial to viscous pressure drop, r j :
where i signifies either fluid 1 or 2. Equation 5 is based on the assumption that the exponent m in the inertial term is 2.0. For the derivation of equation 5 and a discussion of the validity of this assumption see Appendix B.
The fraction of inertial pressure drop for fluid i, fj, is then given by:
Thus, calculations of r i and ff do not require prior knowledge of either the magnitudes of A and B or of their dependence on AP. Once r j and f ( are computed at various AP, then j AP V J | {AP in ) i, A and B can be calculated as functions of AP using the following relations:
iAPj^f.AP.
CORRECTION. FOR. INERTIAL LOSSES OF 4P-Q CURVES OBTAINED WITH RBC SUSPENSIONS
The above relations were written for Newtonian flow. Since A and B are parame-CifaiUum Xtiarcb, Vol. XXVII, December 1970 ters that depend only on vessel geometry, it is reasonable to assume that the values given by equations 9 and 10 will also hold for blood flow through a given vascular network. Moreover, inertial effects occur independently of fluid rheology; therefore, the exponent m = 2 should be as valid an estimate for blood flow as for Newtonian flow. This should be especially true since inertial effects will be most important at high flow rates, low hematocrits and in the larger vessels, where blood is, in fact, nearly Newtonian. Thus, for perfusate containing erythrocytes, equation 4 becomes:
where 77 a is the mean apparent viscosity of the perfusate in the tissue and may depend on flow rate. The vascular resistance is thus given by:
whereas the viscous resistance is
With the use of subscript 0 to denote quantities pertaining to perfusion of the Newtonian suspending medium (e.g., albumin-Ringer solution), resistances relative to the suspending medium at the same AP become:
and Ry = APy/Q _ 7? a ( 1 5 ) R vo APvo/Qo f)o We note that Rv/R v0 : (1) does not depend on the geometrical parameters A and B; and (2) has been corrected for inertial losses; this ratio is therefore a property of the perfusing fluid only, reflecting the magnitude of viscous losses in the vasculatufe. The vascular resistance ratio R/Ri) includes inertial terms both in,the numerator and denominator and willbe equal to Ry/R?0 only if both The ratio R/R o may be corrected for inertial losses as shown in Appendix C.
In the present study, the Newtonian perfusion scheme is used to calculate the inertial parameter B as a function of AP (equation 10). Then the inertial pressure loss AP in (equation 11) is calculated as a function of AP for the suspensions of erythrocytes at hematocrit levels of 20, 50 and 80 with the use of regression relations previously obtained. The vascular resistance corrected for inertial losses is then calculated with the use of the relation R _ A | y = ( A P -A P I n ) ( 1 7 ) The inertial to viscous pressure loss ratio, r, is also calculated from these regression curves by use of the equation: AP,,, AP V AP-AP,,,
COMPUTATION OF SHEAR RATE AND REYNOLDS NUMBER
Rigorous analysis of Couette viscometer data is difficult because blood behaves as a non-Newtonian fluid, and it is necessary to use the Krieger-Elrod relations (12) to calculate the shear rate at either the bob or cup surface. However, it may be shown (our paper to be published, Biorheology 8: 1971) that if average values of both shear stress and shear rate are used, then the curve of viscosity vs. shear rate deviates by only a few percent of that computed with the Krieger-Elrod relations. The average Couette viscometer shear rate is given by;
where R i -a n d R j are .the -. inner and outer cylinder radii and fl is the angular velocity of the bob. Pump For the perfusion experiments in which a single artery was cannulated, knowledge of the total flow, Q, and the catheter diameter, D c , allowed estimation of the wall shear rate and the Reynolds number at the catheter from the equations:
Here, 17 was obtained from the Couette viscometer data at the appropriate shear rate,
Results
PERFUSIONS WITH RBC SUSPENSIONS
A summary of the experiments is given in Table 1 .
Data from a perfusion experiment are shown in Figure 2 , this being typical of seven experiments in which albumin-Ringer samples of all four hematocrits (0 to 80%) were perfused. A small degree of hysteresis was usually present when flow rate was decreased and subsequently increased, the AP values at a given flow rate differing by approximately 10& In such experiments an arithmetic mean of the AP values were used; in later ones, only the decreasing order of flow rate was em-
Pressure-flow curves obtained with RBC in albumin-Ringer solution (4 levels of hematocrit) and blood (natural hematocrit). Order of the albumin-Ringer perfusion fluids was H = 21, 80, 0, 49. All curves show small degree of hysteresis as flow was successively reduced (lower sections of curves) and then increased (top sections). Solid circles indicate measurements of natural blood flow during this experiment. Reference line of slope = 1 indicates linear behavior.
ployed to minimize the sample volumes required.
The resistance of the catheters for the experiment depicted in Figure 2 was measured with the same samples of RBC in albumin-Ringer solution. The two cannulae were removed from the artery and the vein, connected with a sleeve of compatible tubing, and pressure-flow curves for the short-circuit system were obtained. The resistance of the catheters for all hematocrits was found to be 20 to 30% of the total. Because these short catheters may be considered to be, to a first approximation, extensions of the vessels themselves, catheter resistances were not subtracted from values of vascular resistance.
A significant correlation (r = 0.73) was found between Q' o and the paw weight (95% confidence limits in parentheses):
Q However, values of bone weight as a percent of total paw weight varied between 24 and 43$ in three paws. Therefore, the variable proportion of soft tissue and bone affects the correlation between Q'o andpaw weight and indicates that the How rate per unit weight of paw would be a poor characterization of tissue flow.
The relation between the normalized flow rates, Q'= Q/Q'o, and AP obtained for perfusion of RBC in albumin-Ringer was slightly nonlinear on log-log plot. However, the data were linearized at all hematocrit levels when Q' + 0.02 was used instead of Q'. Hence, the data can be described by a modified powerlaw function:
Resistance values, R', calculated from the pressure difference and normalized flow rate are given by:
Equation 23 can be transformed into a powerlaw function by converting R' to R", which is defined as: Table 2 . The effect of hematocrit is highly significant, there being no overlap between the 95%. limits at different hematocrits. The parameters a and b are functions of hematocrit (H, in %) and the relations can be described as:
Data for natural blood were analyzed as those for albumin-Ringer suspensions except that the normalizing flow rate (Q' o ) used was 0.8 times the flow rate of the albumin-Ringer For the pump perfusion of blood at the natural hematocrit, the regression curve lies slightly below the albumin-Ringer curve (obtained by interpolation to H = 44.5), while at H = 80 the opposite is true. Since erythrocyte aggregation does not occur in albumin-Ringer suspensions but may occur in plasma suspensions at low shears (2, 13) , the results indicate that RBC aggregation was not an important factor when blood was the perfusate. The perfusion results may be used to calculate the hematocrit corresponding to the maximum possible rate of oxygen delivery at a given AP. Since the rate of oxygen delivery is proportional to HAP/R', it is maximized at a constant AP when H/R' reaches a peak. A plot of H/R' vs. H for several values of AP ( Fig. 5 ) shows that this occurs at a value of H between 40 and 50£, that is, near its normal physiological value. At low hematocrits the reduced hemoglobin level will reduce the oxygen capacity; while at high hematocrits, the elevated resistance will reduce the flow rate. The optimum hematocrit is seen to decrease as AP is reduced, and analysis of the individual experiments showed that this shift was statistically significant. Such a shift would be favorable in the case of hematocrit reduction accompanying hemorrhagic shock, in which local perfusion to many organs is reduced (14) . These calculations from paw perfusion data are in general agreement with others who have made similar computations using in vitro viscosity data (15, 16) or in vivo total body measurements (17) .
It is not possible to calculate absolute values of blood viscosity from the perfusion data because of the complex nature of the flow and geometry. However, an "in vivo relative viscosity" can be calculated as a function of hematocrit by taking the resistance ratio R/R o RBC in albumin-Ringer solution: Ratio of hematocrit (H) to normalized resistance (R') as function of hematocrit. Curves were drawn with the use of regression equations for R' (Table 2 ). Maximum possible oxygen delivery at given AP occurs when curve peaks. Hematocrits corresponding to maximum oxygen delivery are in the physiological range. The decrease in optimum H as AP is reduced (broken line) was found to be statistically significant at the 95% confidence level with the use of a nonparametric sign test. Figure 7 . This dependence is similar to that of the perfusion results given in Figure 6 : viscosity rising with decreasing shear rate, especially at high hematocrits. The qualitative similarity in the results suggests that the variation of in vivo viscosity with flow rate may be explained, at least partially, by a rheological effect inherent in. the non-Newtonian behavior of blood, In Figure 
PERFUSIONS WITH CELL-FREE PLASMA EXPANDERS
A summary of the perfusions is given in Table 1 . For valid computation of the inertial to viscous pressure drop ratio by the two-fluid method, the perfusates must not exert a vasoactive action. Since cell-free 5% albumin-Ringer solution was found to be inert in this respect, we adopted the following procedure (1) we perfused the paw first with the albumin-Ringer solution, (2) changed im- mediately to a high-viscosity plasma expander solution, and (3) repeated the albumin-Ringer perfusion. Agreement of the albumin-Ringer pressure-flow curves in steps (1) and (3) was considered an indication that the plasma expander did not cause a significant change in vascular geometry.
In perfusions with high and low molecular weight dextrans (Table 1) , large shifts occurred in the albumin-Ringer curve, indicating effects of vasodilation. Thus, dextran was found to be unsuitable for the purposes of these experiments. Figure 9 shows a typical experiment in which perfusion of PAMEG-Ringer solution, which had a viscosity of 4.51 (SD = 0.26) centipoises (cP), was bracketed by perfusions with albumin-Ringer solution, which had a viscosity of 0.972 (SD = 0.012) cP. The albumin-Ringer pressure-flow curves obtained immediately before and after PAMEG-Ringer virtually coincide, indicating that PAMEG-Ringer solution did not have a vasoactive action. A comparison between the AP-Q curves indicates that Q A -R is higher than QP-B at any given AP, but the two curves are not parallel on the log-log plot. At low AP, the ratio QA-R/QP-R agrees with the viscosity ratio, indicating purely viscous pressure losses ( Fig.  10 ) and confirming the absence of vasoactive action by PAMEG. With increasing AP, QA-B/QP-R decreases progressively and falls below the viscosity ratio, demonstrating the existence of inertial pressure losses. Correction for inertial losses of pressureflow data for suspensions of RBC in albumin-Ringer solution was carried out with the use of the regression equations previously obtained ( Table 2) . Values of R' obtained from the regression equations and those of R\. obtained by the use of equation 17 are plotted at the four levels of hematocrit in Figure 11 . The correction for inertial effects is very significant for the lower hematocrits and higher flow rates, but becomes negligible for hematocrits above 50%. As shown in Table 3 , the ratio of inertial to viscous pressure losses (r) computed from equation 18 increases with rising AP or Q'. Wall shear rate (equation 20) and Reynolds number (equation 21) calculated for a single 0.11 cm arterial catheter are also shown in Table 3 .
•o
Ratio of albumin-Ringer solution to PA&iEG-Ringer solution flow rates as function of AP for four perfusion experiments. Data agree with viscosity ratio ip -n /f A -n = 4.51 at low flow rates but fall below this value (broken line) at higher ones, indicating the presence of inertial losses.
PERFUSIONS WITH SILICONE FLUID
Of importance was the question whether physiologic perfusion of the small vessels was attained in these experiments. The effectiveness of perfusion was demonstrated by perfusion of the paw with a silicone fluid at the end of four experiments. A typical section, illuminated by reflected light, is shown in Figure 12 , the smallest vessels visible being of capillary dimensions. Sections taken from the skin and the interior of the paw gave similar indications of excellent perfusion conditions. In 10 experiments where the paw was weighed accurately before and after the perfusions, the mean increase in weight was 4.6 g (SD = 4.4), signifying that a certain degree of edema was nonetheless present. R/R o is resistance relative to cell-free perfusate. Rv/Rv0 is viscous resistance relative to cellfree perfusate calculated with the use of the inertial to viscous pressure loss ratio r. (Y«) O and (Re) c are the shear rate and Reynolds number at the arterial catheter. Values of Q' were calculated from the regression equations ( Fig. 3 and Table 2 ). For the determinations of {y*,) c and (Re) c , D o was taken to be 0.11 cm (PE-160 tubing) and Q was calculated from equation 2 with a Q' o value of 24.0 ml/min (Table 1) .
Discussion
EFFECT OF HEMATOCRIT
Recent work has shown that hematocrit is the key variable that determines blood viscosity in vitro (1, 2) , hence pressure-flow relations in artificial capillaries (21) . Red cell aggregation, as influenced by the plasma concentrations of fibrinogen and globulins has been shown to influence blood viscosity at shear rates below 50 sec" 1 (2, 13) . Blood viscosity values also depend on the method of measurement. At high shear rates (>50 sec" 1 ), a small difference appears to exist between values obtained with rotational and capillary viscometers (22) , while at lower shear rates, red cell sedimentation and the formation of plasma layers at viscometer surfaces introduce experimental artifacts (1, 23) . Furthermore, blood viscosity measured with a capillary viscometer is dependent on capillary diameter, this being known as the Fahraeus-Lindqvist effect (18, 24) . The apparent viscosity of blood tends to decrease toward a value close to the viscosity of the suspending medium as capillary diame-ter is decreased below IOOJU, there being some theoretical justification for this variation (25) . When the diameter is greater than 100 to 200yu., the deviation of measured viscosity from the expected value seems to be less than 20% (21) .
Blood viscosity and yield shear stress (26) measured in vitro cannot describe completely the flow properties of blood in the complex living tissue where the red cells may undergo elastic deformation as they pass through the capillaries. Theoretical analyses of rheological effects in the real circulation can thus be only approximate; Roos (3) carried out computations taking into account the non-Newtonian properties of blood under idealized conditions and indicated that a viscosity effect due to increased hematocrit could explain the high pulmonary arterial pressures that are often observed clinically in polycythemia. Hatzfeld et al. (27) did in fact find a positive correlation between pulmonary arterial pressure and hematocrit in a group of patients, but Segel and Bishop (28) did not. Several 
Section of approximately lOO/i thickness taken from pad of paw viewed under reflected light microscopy, showing perfusion of capillaries by silicone fluid (one small division= 10/I).
workers (29, 30) have also investigated the effects of hematocrit in intact animals, but such studies are difficult to interpret due to the many physiological variables that must be controlled or measured (31) . (35, 36) on the isolated lung. The shapes of pressure-flow curves have been studied on the isolated canine hindlimb by many workers (5) . There exists general agreement that such curves are best approximated by the relation AP = KQ" where n < l . Wezler and Sinn (5) attributed the nonlinearity to vascular distensibility and used Poiseuille's law to compute changes in relative vascular diameter.
The present study is basically in agreement with the previous perfusion work: (1) variations in hematocrit were found to cause (2) the pressure-flow curves showed power-law behavior except at the lowest flow rates. The finding that the flow resistance for cell-free albumin-Ringer solution decreased with rising AP (Fig. 3) confirms that vasculaT c iM ity is an important determinant of the nonlinear shape of AP-Q curves. Furthermore, the result that at finite hematocrits the resistance relative to cell-free perfusate increases with reduction in AP ( Fig. 6) indicates that the non-Newtonian behavior of the perfusate also contributes to the nonlinearity of AP-Q curves when erythrocytes are present. The various factors determining the nonlinearity of AP-Q curves are discussed in the next section.
Several authors (2, 14, 32, 37) have speculated as to the possible effects of RBC aggregation on local hemodynamics and gas exchange, recognizing that significant aggregation can occur only at shear rates below about 50 sec^1. The shear rate at the catheter wall (Table 3) is seen to lie in the range of 100 to 30,000 sec" 1 . This suggests that even at the lowest perfusion pressures (<20% of the normal AP), shear rates in the larger vessels were much greater than those at which RBC aggregation can occur. The lack of significant difference in the present perfusion results obtained with blood and suspensions of RBC in albumin-Ringer solution thus indicates that measurements of yield shear stress and blood viscosity at low shear rates are not relevant to pressure-flow relations in the hindpaw. However, it must be recognized that the present study was limited to: (1) normal states of RBC aggregation; (2) overall pressure-flow relations without consideration of local hemodynamic parameters; and (3) a single type of tissue.
INERTIAL LOSSES
Since the original work of Hagen and Poiseuille (see 38) it has been recognized that a single viscosity coefficient, independent of fluid density, completely describes the pressure-flow behavior of a simple (Newtonian) fluid under conditions of laminar flow in a straight rigid tube. However, even under laminar flow conditions inertial pressure losses may be present when the flow is (1) unsteady or (2) locally three-dimensional. Inertial pressure losses of the latter type may occur in a tube at the inlet and exit (38, 39) , or if taper or curvature exists (40) (41) (42) . A well-documented engineering example of combined viscous and inertial pressure losses is that of flow through a porous medium or packed bed (38, 43) . The complex, locally three-dimensional flow through the interstices of certain porous media is similar in principle to that in the network of nonuniform interconnecting vessels in living tissue.
In previous work some attention has been given to inertial effects due to pulsatile flow in the circulation (44, 45) . It is known that fluid inertia is an important factor in left ventricular ejection (46) . There exist a few studies of the turbulent flow of blood in straight tubes (47) and of inertial effects at catheter tips ("kinetic energy effects") (35, 48) which appear as experimental artifacts in pressure measurements. However, there has been a lack of systematic study of inertial losses due to locally three-dimensional flow either in the living circulation or in physical models. There is, in fact, theoretical evidence that such inertial losses can be significant even in relatively small vessels (4) . Calculations of the onset of inertial losses due to entrance effects and to vessel curvature and taper, with the use of Newtonian relations and a Reynolds number based on the asymptotic viscosity of blood, indicate that such losses should be negligible in the microcirculation but may be significant in vessels greater than lOOju (42) .
A few authors working with isolated organs have recognized the possibility of inertial losses affecting their data. Roos (3) perfused isolated lungs with dextran and hypothesized that the linear pressure-flow curves obtained were due to a combination of compensating effects of vessel distensibility and of fluid inertia. Skovborg et al. (20) recognized the possibility of an inertial effect akin to the "kinetic energy correction" in capillary viscometry but thought that it would be negligible for their rabbit ear preparation. Neither Whittaker and Winton (18) in their classic study nor Levy and Share (19) considered inertial effects when comparing their canine hindlimb perfusion data with viscometric results. The latter workers did, however, recognize that flow may have been turbulent in the larger hindlimb vessels at high flow rates. This would necessarily imply significant inertial losses.
In our study the perfusions with albumin and PAMEG solutions showed clearly the existence of inertial losses in the hindpaw: the flow rate ratio QA-K/ QP-R ( Fig. 10 ) was found to agree with the viscosity ratio at low AP but to fall below the ratio as AP was increased. Furthermore, the calculations of Reynolds number based on catheter diameter (Table 3) showed that values considerably greater than unity were attained, especially at the lower hematocrits. It is probable that flow was turbulent in the catheters and larger vessels when cell-free albumin-Ringer solution was perfused at values of AP > 100 mm Hg. These results showing the occurrence of significant inertial losses (r>0.1) at Reynolds numbers greater than unity are consistent with theory and with experimental findings obtained with packed bed or porous medium systems (38, 43) .
Some authors have attempted to correlate R/Ro (Fig. 6 ) with viscosity data obtained in vitro (18) (19) (20) . This is a "viscosity" relative to the suspending medium determined under conditions where both arterial and venous pressures are identical for the two fluids. Thus, to a first approximation the vascular geometry is the same, and the tissue may be considered to be an "in vivo viscometer." However, two complications arise: (1) it is not possible to compare quantitatively R/R o with T J/TJ0 since the intravascular shear rate is variable and unknown; and (2) R/R « is a rheological parameter only in the absence of inertial losses (equations [14] [15] [16] .
Considering the magnitudes of R/R o obtained in the present study, Figure 8 shows agreement between the curve of R/R o corresponding to the physiological AP of 100 mm Circulation Reiearcb, Vet-XXV11, December 1970 Hg and the curve of 17/170 for the viscometric shear rate of 3500 sec -1 . Since shear rates at the catheters were in fact greater than 100 sec 1 (Table 3 ), these results show that even the uncorrected values of R/R o are consistent with the high-shear viscometric data. When R/R o is corrected for inertial losses (Rv/Rv 0 , Table 3 ), the values are even greater and are consistent with viscometric data in the range of 10 to 1000 sec-1 . Thus, recourse to the Fahraeus-Lindqvist phenomenon is not necessary to explain the values of "in vivo viscosity" obtained in our study.
Discrepancies between the present perfusion results and those of several previous studies are apparent in Figure 8 . These previous studies include those of Whittaker and Winton (18) and Levy and Share (19) , who perfused isolated canine hindlimbs with blood and plasma, and that of Skovborg et al. Whittaker and Winton (18) and Levy and Share (19) explained the discrepancy between their perfusion results and viseometric data on the basis of a Fahraeus-Lindqvist effect. However, inertial pressure losses would tend to mask the effects of changes of hematocrit, causing an influence similar to that of a Fahraeus-Lindqvist effect. It is possible that inertial effects are more important in the entire hindlimb than in the paw because of the occurrence of larger Reynolds numbers in the former case. With the use of data reported by Whittaker and Winton (18) , it is found that flow rates in the hindlimb at a given AP are on the order of 6 (4 to 10) times those found in the present study; On the assumption of the average diameter of the larger vessels in the hindlimb being greater than that of the hindpaw by a factor of 2, it is estimated that the average Reynolds number Circulation Research, Vol. XXVll, December 1970 for the hindlimb is gr eater by a factor of approximately 3. Furthermore, since r should be proportional to Reynolds number, it is reasonable to aj&uoje. that, at the sam® AP, r is greater by a factor of 3 for thG himdlirnb as compared to~the-hindpaw. it may "b'e'-$how'n (Appendix C) that R/R < , can be corrected for inertial losses to give valuGS of RV/RV< > (for all hematocrits at a given AP) f-rom knowledge of the value of r 0 for the cell-free perfusate:
Rvo (R/Ro)|_ ( (R/R 0 ) 2 -l +R/R,. (28) For the hindpaw, interpolation in Table 3 gives a value of r 0 = 0.66 at AP = 90 mm Hg, which was the perfusion pressure used by Whittaker and Win-ton. Thus, for the hindhmb at AP = 90 mm Hg, r o is estimated to be ( Data of Whittaker and Winton (18) Although inertial losses become smaller with increase in hematocrit, the magnitude of the correction in Figure 13 actually becomes larger. This is due to the fact that the correction for the ratio R/R o may be thought to involve correction not only of R to Rv but also of R o to Rvo-At low hematocrits these corrections tend to offset each other. As the hematocrit is increased, the correction of R to Rv becomes negligible, but the one of R o to RV o remains the same. Thus, the difference between the R/R o and R v /Rv 0 curves (Fig.  13) is larger at the higher hematocrits because of the inertial losses implicit in the value of R o at AP = 90 mm Hg. From the above considerations, it appears possible that the low values of R/R o obtained by Whittaker and Winton, and Levy and Share are due to large inertial losses of the cell-free medium in the hindlimb; the higher values obtained by Skovborg et al. and by us are thought to reflect smaller inertial losses of the cell-free medium in the rabbit ear and hindpaw, respectively. The importance of inertial losses rather than a Fahraeus-Lindqvist effect is also indicated by the fact that catheter resistances in our study were on the order of 10 to 30% of the total, showing that a significant fraction of the pressure drop must occur in the larger vessels. Thus, from the point of view of inertial pressure losses in the large vessels, the hindpaw and hindlimb cannot be regarded as comparable.
The present results indicate that the shapes of pressure-flow curves are influenced by several factors. It was found that the resistance R'o for cell-free albumin-Ringer solution decreases with an increase in AP (Fig. 3 ). Since the cell-free perfusate is a Newtonian fluid, this demonstrates the effect of vascular distensibility. The flow resistance corrected for inertial losses, R\-o ( Fig. 11 ) was found to decrease even more markedly with AP, indicating that the variation in vascular geometry was even greater than that implied by the uncorrected data. In particular, the curves for cell-free albumin-Ringer solution (Fig. 11) show that the tendency of R' to assume a constant value at high AP is not due to the attainment of maximum vascular distension. Rather it is the result of increasing inertial losses, tending to offset the decrease in vascular resistance due to vessel distensibility. Wezler and Sinn (5) have presented calculations on the variation of relative vascular diameter with AP by the use of the Poiseuille equation and AP-Q data uncorrected for inertial losses. The present results indicate that such calculations may underestimate the variations in vascular diameter.
The results also indicate that the rheological behavior of the perfusate plays a role in AP-Q relations. The values of R/R o (Fig. 6 ) and those of Rv/R\o corrected for vascular distensibility and inertial losses ( Table 3) were both found to increase with reduction in flow rate at all three levels of hematocrit. Since R v /Rvo (equation 15) is in principle a parameter describing only the rheological behavior of the perfusate, its variation can be attributed to the non-Newtonian viscosity of the RBC suspensions. The variation of RV/RY 0 is seen to become more marked with rise in hematocrit, in a manner consistent with the viscometric results ( Fig. 7) . In addition, the calculations presented in Table 3 indicate that although shear rates at the arterial catheter were relatively high, some variation of viscosity with flow rate is to be expected, especially at the higher hematocrits. Also, it is probable that local shear rates in some regions of the vasculature were lower than the values given in Table 3 , especially on the venous side of the circulation (14) . Therefore, it is concluded that the increasing nonlinearity of AP-Q curves with rise in hematocrit may be explained by an tion Reimcb, Vol. XXVII, increasingly more marked non-Newtonian viscosity as well as less marked inertial losses.
Therefore, our study indicates that at least three factors influence pressure-flow curves as measured in the isolated canine paw under conditions of steady flow: (1) changes in vessel size resulting from vascular distensibility, (2) the non-Newtonian behavior of RBC suspensions; and (3) inertial losses. Analysis of pressure-flow curves is thus more complicated than was formerly believed. The study did not consider quantitatively three other factors that could conceivably effect pressureflow curves: (1) changes in blood flow distribution, (2) nonlinear pressure losses due to red cell deformation in small vessels, and (3) the Fahraeus-Lindqvist effect. However, since the present analysis was able to explain the nature of pressure-flow relations without recourse to the latter three effects, their importance is still conjectural. It may be emphasized that these experiments were done under conditions of steady flow. Since inertial losses were found to be significant, it is thought that they may be even more marked with pulsatile flow.
Our results may find application to the analysis of measurements of vascular resistance obtained experimentally or clinically. For example, several workers (49, 50) have measured pulmonary vascular resistance at high flow rates without considering the possibility of inertial pressure losses. Since such pressure losses increase rapidly with flow rate (approximately as the square), it appears that the conclusions of the above authors are worthy of reexamination. where i signifies either fluid 1 or 2. The exponent m in the inertial term is certainly >1, and there exists both theoretical and experimental evidence that it is close to 2 even for flow through a complex network. A value of 2 properly describes inertial end effects for Poiseuille flow through a capillary (39) , and also incipient inertial losses for flow in a capillary of varying diameter (40) . In addition, the present authors' analysis of the data of White (41) for inertial losses due to centrifugal forces in helical tubes gives values of m ranging from 2.0 at the onset of inertial effects to about 1.6 at higher flow rates. Finally, at the limit of fully turbulent flow, m takes the value of 2.0 (38), while for flow through porous media ergun (38) and others (43) have shown that 2.0 is a good estimate of m even in the intermediate range of flow.
Therefore, it may be concluded that m approaches the value of 2.0 at the limits of incipient inertial losses and turbulent flow, both of which are overlapped by the present study (Table 3 ). In the intermediate region m may be less than 2, in which case equation 5 gives conservative estimates of inertial losses; use of m less than 2.0 would give even larger values of r s .
Appendix C CORRECTION OF IN VIVO RELATIVE RESISTANCE (R/Ro) FOR INERTIAL PRESSURE LOSSES
Letting r and r o denote values of r at hematocrits H and zero, respectively, we have from equation 11 r = BQ/AT ja , (C-l) and r 0 = BQ 0 /Arj o .
(C-2) Taking the ratio of equations C-l and C-2 one obtains:
_ . (C-3) 
